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Climate  change  is  a major  threat  to food  security  in a world  of  rising  crop  demand.  Although  increases
in  crop  production  have  previously  been achieved  through  the  use  of  fertilisers  and  chemicals  for  better
control  of  weeds  and pests,  these  methods  rely  on ﬁnite  resources  and  are  often  unsustainable.  Recent
advances  in  genomics  are  laying  the  foundations  for sustainable  intensiﬁcation  of agriculture  and  height-
ened  resilience  of  crops  to  climate  change.  The  number  of  available  high-quality  reference  genomes  has
been constantly  growing  due to  the  widespread  application  of genome  sequencing  technology.  Advanceslimate change
rop improvement
enomics
in  population-level  genotyping  have  further  contributed  to a more  comprehensive  understanding  of
genomic  variation.  These  increasing  volumes  of genomic  data  facilitate  the  move  towards  plant  pange-
nomics,  providing  deeper  insights  into  the  diversity  available  for  crop  improvement  and  breeding  of  new
cultivars.  Genomics-assisted  breeding  is beneﬁting  from  these advances,  allowing  rapid  identiﬁcation  of
genes implicated  in climate  related  agronomic  traits,  for breeding  of crops  adapted  to  a changing  climate.
© 2016  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Producing sufﬁcient food to feed the rising global population is a
uge challenge for agriculture, especially under the threat of unpre-
 This article is part of a special issue entitled “Plants and global climate change:
 need for sustainable agriculture”, published in the journal Current Plant Biology
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/).dictable consequences of climate change [1,2]. Climate change may
alter weather patterns, rainfall regimes, temperature and carbon
dioxide concentrations in particular regions [3,4]. These changes
can lead to increased abiotic stress in crops, increased incidence of
pests and pathogens, and an overall reduction in crop yield. Dur-
ing recent decades, increased crop production has been mainly
achieved through reﬁning agronomic management and breeding
improved crop varieties [5]. However, maintaining a continued
increase of crop yield using these methods to ensure food secu-
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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ity is unsustainable, as most of them rely on ﬁnite resource such
s phosphorus or nitrogenous fertiliser and there is little room for
urther optimisation [1,5]. Genomics-assisted breeding is consid-
red to have the greatest potential for overcoming these challenges
nd ensuring a sustainable increase of food production by adapt-
ng available crops to biotic and abiotic stresses and breeding novel
rop varieties [1,4].
Reference crop genome sequences are the basis of crop genetic
nd genomic studies, as they provide insights into gene content,
enomic variation and the genetic basis for agronomic traits [5,6].
ince use of genome sequencing technologies has become more
idespread, an increasing number of plant genomes have been
ssembled, including crops and wild crop relatives [7]. This has
hown that unlike most animal genomes, plant genomes are often
arge, highly repetitive and polyploid [8]. A major challenge in
enome assembly using the prevailing short read sequencing meth-
ds is the difﬁculty of reconstructing repetitive regions in the plant
enome [9]. The increasing use of long read sequencing and optical
apping aims to overcome this issue and improve plant genome
ssemblies.
As more genome sequence information becomes available, an
merging consensus is that the genomic information contained in
 single crop individual does not accurately represent the diver-
ity of the species [4]. Population-level genotyping has provided
pportunities to identify the widespread genomic variation within
pecies [6]. The study of crop pangenomes, which aim to accurately
epresent the genomic diversity within a species, has also con-
ributed to greater knowledge of within-species diversity in crops
10]. With high quality genome assemblies, accurate characteri-
ation of genomic diversity, and precise association of heritable
gronomic traits and genotypes, crop yield stability and envi-
onmental resilience will be improved [1]. Furthermore, genome
diting approaches hold great promise for engineering climate-
dapted crops and accelerating breeding [11]. Building on the
ncreasing amount of genomic data and advances in genome edit-
ng, genomics-assisted breeding will play an important role in
nsuring food security in a changing climate.
. Genome sequencing and assemblies
Since the completion of the ﬁrst human draft genome in 2001,
he study of other species using genome sequencing technologies
as been growing rapidly. Sanger sequencing, the ﬁrst generation
f sequencing technology, has been used to assemble several plant
enomes [12]. Despite the long read length and high assembly accu-
acy, the low throughput and high cost have limited the widespread
doption of Sanger sequencing for genome assembly [13]. Sec-
nd generation sequencing (SGS) technologies such as Illumina are
aster, with higher throughput and lower cost, and have become
ominant [14]. According to the National Center for Biotechnology
nformation (NCBI), there are currently over 100 plant reference
enome sequences publicly available, the majority of which were
ssembled using SGS data. However, due to the short read length
roduced by SGS, misassembles in the long repetitive regions and
aps in the assemblies are common [9]. Depending on genome com-
lexity and sequencing depth and quality, SGS can also lead to short
ontig length and thus low N50. This can compromise the quality
f gene predictions, as genes may  be split across contigs causing
nﬂation of gene numbers [15]. Misassembles and split genes in
ssemblies are an important consideration for downstream analy-
es such as pangenomics and genome diversity analysis. Recently,
ong read sequencing and optical mapping have provided new
pproaches to increase contig length, reconstruct repetitive regions
nd ﬁll the gaps in genome assemblies.t Biology 6 (2016) 2–10 3
2.1. Long read sequencing
In contrast to short read sequencing, the reads produced by long
read sequencing can be several thousand bases long, and can thus
span complex and repetitive regions. The use of long sequence
reads in transcriptomic studies can facilitate identiﬁcation of the
connectivity of exons and discern gene isoforms by spanning entire
mRNA transcripts [14]. Currently, the available long read sequenc-
ing methods are single molecule based and short read synthetized
long read sequencing technologies.
Paciﬁc Biosciences (PacBio) single molecule real time sequenc-
ing and Oxford Nanopore MinION sequencing are the major single
molecule based long read sequencing technologies, producing long
sequencing reads in real-time. PacBio and Oxford Nanopore Min-
ION sequencing steps are PCR-free, eliminating PCR ampliﬁcation
biases [16]. First commercially used in 2011, the PacBio RS II plat-
form can now produce single molecule reads up to 60 Kb, with
an average read length over 10 Kb [17,18]. However, error rates
are high (13%–18%), particularly due to many indel errors [19,20].
Formation of recombinant, or chimeric, reads during library prepa-
ration may  also be a pitfall of PacBio sequencing, though increasing
coverage or applying appropriate quality control algorithms can
decrease chimera frequency [21]. To lower error rates, different
algorithms have been developed, for instance PacBio Corrected
Reads [22], the hierarchical genome-assembly process [23] and the
MinHash Alignment Process [19]. After read correction, the accu-
racy can be increased up to ∼99.99% [19]. The Oxford Nanopore
MinION was ﬁrst made available in 2014 [24]. It can sequence DNA
fragments longer than 100 Kb [25]. However, high indel error rates
(∼15%) also occur in Oxford Nanopore reads [19,24]. To algorith-
mically address this error rate, different methods have also been
developed for nanopore data [24], including NanoCorr [26], NanoP-
olish [27], PoreSeq [28] and marginAlign [29].
Illumina synthetic long read sequencing and 10X Genomics
GemCode technology are short read synthetized long read sequenc-
ing technologies. Illumina synthetic long read sequencing relies
on TruSeq library preparation to construct synthetic long reads
from short read sequencing reads generated by its HiSeq platform
[30–32]. 10X Genomice GemCode technology uses microﬂuidic
techniques to partition long DNA molecules into oil-encased
droplets that are then barcoded [33]. Using Illumina short-read
sequencing, a novel algorithm is applied to link the sequenced
reads to their original molecules and construct contiguous DNA
fragments [33,34].
2.2. Optical mapping
Optical mapping is a type physical mapping, which uses the
physical locations of restriction enzyme sites to produce maps that
can improve genome assemblies. First reported in the early 1990s
[35], optical mapping is currently dominated by the BioNano Irys
and OpGen Argus platforms. The average length of the BioNano
single molecule maps produced is around 225 Kb [36], while the
optical maps generated by OpGen span 200 Kb on average.
Using the overlap-layout-consensus paradigm, de novo assem-
blies are implemented to construct consensus optical maps [37].
By aligning consensus maps to the digested reference sequence
assemblies, optical mapping identiﬁes assembly errors including
false joins, false inversions, and translocation errors. The results are
then visualised using analysis tools such as BioNano IrysView and
OpGen MapSolver. In addition, optical mapping can efﬁciently cor-
rect the gap size in the assemblies [38] and anchor scaffolds in the
assembly to form super scaffolds [39]. Optical mapping has been
applied to assist the genome assembly of the plants Amborella tri-
4 A. Scheben et al. / Current Plan
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Fig. 1. Genomics-assisted breeding scheme for developing climate resilient culti-
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enerations resulting from backcrossing to a parental cultivar (BC1F1 to BCnFn).
hopoda [40], Aegilops tauschii [38], Medicago truncatula [41], Prunus
ume  [42], maize [43], rice [44], tomato [45] and wheat [46].
. Advances in capturing crop diversity
.1. Genotyping by sequencing
Genotyping by sequencing (GBS) has revolutionised crop
enotyping, providing powerful tools for rapid, high-throughput
dentiﬁcation of genetic variation underlying agronomic traits
47–51]. The rising popularity of these methods has led to sin-
le nucleotide polymorphisms (SNPs) becoming the marker of
hoice for genotyping. These markers are heritable, abundantly
istributed across the genome, and allow single base resolution,
acilitating the detection of causal, or ‘perfect’, markers. The numer-
us types of GBS methods can be divided into whole genome
esequencing (WGR) and reduced representation sequencing (RRS)
ethods. WGR  provides high SNP densities and is often carried
ut at low coverages <1x [52,53], which is adequate for accurate
NP calling in recombinant populations with a high quality ref-
rence genome [54]. However, sequencing populations with larget Biology 6 (2016) 2–10
genomes such as wheat remains costly. Reduced representation
sequencing (RRS), on the other hand, reduces costs by using restric-
tion enzymes to narrow the focus to only a fraction of the genome
(recently reviewed in [55]). This reduces the sequencing cost per
sample and has facilitated access to larger genomes such as wheat
[56]. The limitations of RRS are the lower SNP densities and the
often high amounts of missing data due to restriction site polymor-
phisms and the stochastic sampling process. However, methods to
impute missing data are becoming more advanced and can mitigate
these problems [57].
GBS approaches are in wide use for crop genotyping, providing
SNPs that can be applied for practical molecular breeding appli-
cations. With the costs of sequencing continuing to decrease, GBS
data will become increasingly available for both major and minor
crops, and these resources will be invaluable for adapting crops to
climate change.
3.2. Genotyping arrays
SNP array technology has made major contributions to genetics
by allowing rapid genotyping of many markers across the genome
without the need for sequencing [58]. Although commercial SNP
arrays were initially developed to identify genetic variation in
humans, the technology was  adopted for research in non-human
species and has been broadly applied in crop genomics [59,60].
While the end of microarrays was predicted almost a decade ago
in light of the decreasing cost of sequencing [61], new and larger
arrays for crops are still being developed. Today, commercial SNP
arrays available from Illumina and Affymetrix allow genotyping of
large numbers of samples with hundreds of thousands, to millions
of SNPs (http://www.illumina.com; http://www.affymetrix.com).
These arrays remain popular because they allow targeting of alle-
les of interest, timely data generation and simple computational
analysis. Because SNPs implemented in arrays are often derived
from GBS data, these two genotyping approaches are complemen-
tary. Commercial SNP arrays are available for many important crops
including canola [62,63], maize [64,65], rice [66,67] and wheat
[68,69], providing valuable data for genetic mapping, association
studies and genomic selection [60].
3.3. Pangenomics
While the main focus of genomic diversity analyses is often
SNPs, structural variation in the genome has become increas-
ingly recognised as a fundamental aspect of genomic diversity
[70–72]. Major structural variations include presence absence vari-
ants (PAV) and copy number variants (CNV). PAVs are sequences
that are present in one genome and absent in another, while CNVs
are sequences that are present in a different number of copies
between individuals [73]. Plant genomes are known to commonly
contain within-species CNVs and PAVs [74]. For this reason, a single
crop reference genome only contains part of the structural varia-
tion of the species and thus provides an incomplete understanding
of the crop’s diversity. The pangenome is the sum of all genes of a
species, consisting of core genes that are found in all individuals and
variable genes that are found in only some individuals. Although
the term pangenome was ﬁrst used for bacteria [75] and is more
common in microbiological research, recent years have seen crop
pangenomes published for Brassica rapa [76], maize [77], rice [74]
and soybean [78]. The trend towards crop pangenomes rather than
single sample reference genomes as resources for molecular breed-
ing will reduce sampling bias and allow a better representation of
diversity [10]. Understanding presence absence variation is impor-
tant because variable genes in crops have been shown to inﬂuence
climate-relevant agronomic traits such as submergence tolerance
and phosphor uptake efﬁciency in rice [74] and responses to biotic
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tress in several species including muskmelon [79] and soybean
80]. Overall pangenomics paves the way for a more multifaceted
iew of diversity which will play an important role in identifying
enetic variation underlying the many complex agronomic traits
hat can enhance resilience to climate change.
.4. Data management systems for crop genomics
Data management systems are essential to capture and manage
he vast quantities of genomic data for applied breeding. However,
torage and integration of the increasing amounts of data are a
ajor challenge [81,82]. While central sequence repositories such
s GenBank [83], the DNA Databank of Japan (DDBJ) [84] and Euro-
ean Molecular Biological Laboratory (EMBL) [85] will continue to
lay an important role, more specialized databases focusing on
articular crop species or clades will likely grow in importance.
here are currently a range of specialised crop databases [86].
urthermore, web based tools enabling data mining of integrated
enomic information are becoming more common, for exam-
le QTLNetMiner (http://ondex.rothamsted.ac.uk/QTLNetMiner/).
n an effort to aggregate some of these dispersed resources, major
nitiatives have formed community-oriented databases and bioin-
ormatics services for important crops such as cassava (https://
assavabase.org/), maize (maizeGDB; http://www.maizegdb.org),
otato (spudDB; http://potato.plantbiology.msu.edu/), rice (IRIC;
ttp://iric.irri.org), tomato (http://solgenomics.net) and wheat
wheatIS; http://wheatis.org). These community databases fea-
ure customized genome browsers to access genomic sequences
nd associated annotation datasets, as well as genotypic data
ften including diversity data, transcriptomic data, gene models
nd metabolic pathways. Nevertheless, the general lack of well-
ntegrated high-throughput phenotypic data in such databases
emains an important limitation [86,81], particularly for breeding
pplications [87]. Ongoing advances in crop phenotyping and bet-
er integration of phenotypic data into databases [88] will drive
 more multidimensional understanding of genotype-phenotype
nteractions, with major beneﬁts for crop breeding.
. Applications of genomics to plant breeding in a changing
limate
.1. Identiﬁcation of candidate loci using QTL analyses and
ssociation studies
Although the effects of climate change are still hard to pre-
ict, the likely climate-related stressors for plants are cold, heat,
rought, submergence, pathogens and pests [89]. The genetic
echanisms underlying the crop response to these abiotic and
iotic stressors often involve complex signalling pathways and the
ffect of many genes and regulatory regions [90,91]. The recent
dvances in genomics described above offer powerful approaches
o understand these interactions and harness them for plant
reeding. The analysis of quantitative trait loci (QTL), regions of
he genome linked to quantitative phenotypic traits, has yielded
limate-related QTL in diverse crop species. For example, QTL have
een used to identify 20C-repeat binding factor (CBF) genes in
arley which are the key regulators of cold tolerance genes [92].
n a study of heat tolerance in bread wheat, three signiﬁcant
enomic regions on chromosome 2B, 7B and 7D were found to
e associated with heat tolerance [93]. A drought tolerance QTL
n chromosome 3F of meadow fescue was also identiﬁed, as well
s two cold tolerance QTL on chromosome 5F [94]. In chickpea,
TL ‘hotspots’ for drought tolerance were recently investigated,
dentifying four candidate genes (Ca 04561,  Ca 04562,  Ca 04567t Biology 6 (2016) 2–10 5
and Ca 04569)  contributing to the trait [95]. QTL analysis also
located the canola gene Rlm4, which confers resistance to the fun-
gal pathogen blackleg (Leptosphaeria maculans)  [96]. QTL  analysis
of a cassava mapping population conﬁrmed the single gene CMD2
controlling resistance to the devastating pathogen cassava mosaic
virus [97].
Genome wide association studies (GWAS) make use of past
recombination in diverse association panels to identify genes
linked to phenotypic traits at higher resolution than QTL anal-
ysis. SNP genotyping arrays have been widely used for GWAS
in crops such as rice [66], maize [2] and soybean [98], and GBS
methods are also becoming more common for this type of study
[99,100]. These genomic methods can be expected to widely inform
public and private breeding programs in the future. Few pub-
lications discuss current commercial breeding programs using
genomics, however Cooper et al. [101] recently reported propri-
etary genomic approaches to facilitate breeding of drought-tolerant
maize hybrids in the US. A major earlier success for crop breed-
ing using genomic markers was the marker-assisted introgression
of the Submergence 1A (Sub1A) gene for submergence-tolerance
into high-yielding commercial rice varieties [102]. Increased toler-
ance to submergence in cultivars with the Sub1A gene, an ethylene
response factor, is achieved by limiting shoot elongation dur-
ing the inundation period [103]. Submergence stress in rice can
cause annual losses in excess of US $1 billion, but this situation
has been greatly alleviated in recent years due to the success
of Sub1A cultivars now grown by over 4 million farmers in Asia
[104]. In canola, genomics-assisted breeding allowed the introduc-
tion of pod shattering resistance and the recent release of Bayer
‘PodGuard’ cultivars [105], which increase harvest under weather
conditions such as storms, hail and heavy rain by preventing
seed loss. Moreover, DuPont Pioneer has used genomics-assisted
breeding to help develop its recently released T series soybean
cultivars (https://www.pioneer.com) and Monsanto has applied
genetic markers for breeding commercial sunﬂower, soybean and
maize cultivars [106]. The World Vegetable Center (AVRDC) public
tomato breeding program has also used genetic markers to breed
disease-resistant tomato cultivars available for use by farmers
[107]. These breeding successes underline that detecting markers
in crop genomes will help identify candidate genes for resilience
to climate change which can be introgressed into crop germplasm
(Fig. 1).
4.2. Genomic selection
Genomic selection (GS) is one of the most promising devel-
opments in genomics-assisted breeding, allowing rapid crop
improvement without detailed study of individual loci. GS relies
on the prediction of genomic estimated breeding values (GEBVs)
for individual lines in a phenotyped and genotyped training popu-
lation. A breeding population can then be developed from selected
individuals and bred over multiple generations without the need
for further time-consuming phenotyping [108]. Computer simula-
tions with the pasture grass Lolium perenne indicated that GS allows
a four-year reduction in the breeding cycle compared with tradi-
tional breeding [109]. In the oil palm, empirical evaluation of GS
also indicated its value for accelerating breeding efforts [110]. GS
in cassava focusing on quality and yield traits showed theoretical
gains of 39.42%–73.96% compared to phenotypic selection for this
crop [111] which is potentially highly resilient to future climatic
changes [112].
Plant scientists have also begun using GBS methods to conduct
empirical GS studies, particularly in wheat. Poland et al. [113] and
Rutkoski et al. [114] applied GBS to sets of elite wheat breeding lines
and developed GS models with high prediction accuracies for yield
and stem rust resistance respectively. Genomic prediction based
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n GBS data has also been used in maize, where GBS performed as
ell as the more established SNP arrays and showed potential for
arnessing variation for breeding populations [115,116]. The use of
BS for GS allows the use of higher marker densities at low costs,
urther increasing the value of GS for breeding programs. Impor-
antly, GS can facilitate selection of complex traits such as those
or tolerance of cold, heat, drought, submergence and biotic stress,
uggestion that GS approaches hold promise for adapting crops to
limate change.
.3. Adapting crops using zinc-ﬁnger nucleases and transcription
ctivator-like effector nucleases
Genome editing provides novel opportunities to improve crop
roductivity by introducing traits such as stress tolerance and
utrient-use efﬁciency [117,118]. Zinc-ﬁnger nucleases (ZFNs)
nd transcription activator-like effector nucleases (TALENs) are
rogrammable nucleases comprised of sequence-speciﬁc DNA-
inding modules linked to a nonspeciﬁc DNA cleavage domain.
enetic modiﬁcation is carried out by inducing DNA double-strand
reaks (DSB) at speciﬁc genome locations and stimulating nonho-
ologous end joining or homology-directed repair to introduce
NA templates into the genome [118]. ZFNs are adapted from zinc
nger transcription factors which are fused to the bacterial restric-
ion enzyme FokI, and are designed to recognize DNA sequences
anking the genomic target site. Each zinc ﬁnger domain recog-
izes a 3–4 nucleotide DNA sequence and multiple domains can be
ngineered to bind an extended unique 9–18 nucleotide sequence
djacent to the target site [119].
Assembling the desired zinc ﬁnger domains is not easy as it
equires complex protein engineering, which is costly and time-
onsuming. A further challenge is limited target-site selection
120]. ZFNs are poor at targeting sequences with low guanine con-
ent. The target sites also need to be located within a few hundred
ucleotides of each other. Nevertheless, ZFNs have been success-
ully used to genetically modify numerous crops. In soybean, ZFNs
ere employed to generate mutations in DCL4 paralogues involved
n RNA interference. The edited DCL4b gene showed phenotypic
ffects and efﬁcient heritable transmission in the subsequent gen-
ration [121]. In tobacco, ZFNs were used to investigate acetolactate
ynthase genes (ALS SuRA and SuRB) conferring resistance to imi-
azolinone and sulphonylurea herbicides [122]. Furthermore, the
PK1 gene was incorporated into the maize genome using ZFNs to
nhance herbicide tolerance [123].
In contrast to ZFNs, TALENs use repeat variable di-residues
o create de novo extended TAL repeat arrays targeting genomic
equences, which allows a quick construction of TALENs [124,125].
ALENs are also less limited in site targeting, requiring only that
inding sites start with thymine. However, there are some limi-
ations in TALENs. Usually, the TALEN pairs require a high level
f activity, which means that during the screening, a large num-
er of candidate pairs are needed. Methylated cytosines inﬂuence
inding with TAL repeats, which commonly occurs in CpG islands.
ALENs have been used to disrupt the rice bacterial blight suscep-
ibility gene OsSWEET14 to increase pathogen resistance [126]. To
tudy the efﬁciency of TALENs, tobacco was used to induce muta-
ions in the ALS gene, indicating relatively high mutation rates of
0% [127]. In a study of bread wheat, TALENs were implemented
o induce mutation of all three homoeologs of the pathogen sus-
eptibility gene TaMLO,  conferring heritable resistance to powdery
ildew [128]. In potato, TALENs were used to study St SSR2, which
s a key enzyme in the biosynthesis of toxic steroidal glycoalkaloids
erived from cholesterol [129].t Biology 6 (2016) 2–10
4.4. The CRISPR/Cas system for crop genome engineering
The clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated protein (Cas) system is a cheap and
ﬂexible tool for targeted genome editing. The increasing popularity
of this innovative approach has sparked a ‘CRISPR craze’, garnering
wide interest for genome editing in plants for basic research and
crop improvement [130,131,11,132]. CRISPR/Cas originates from
the immune system of bacteria and archaea, and was  recently
repurposed as a genome editing tool for higher organisms [133].
The original function of the CRISPR/Cas system is RNA-guided cleav-
age of foreign DNA such as viruses or plasmids. The type II CRISPR
system of Streptococcus pyogenes is currently the most commonly
used system for genome editing. Plants are generally transformed
to co-express Cas9 and a chimeric guide-RNA (gRNA). This results in
a DSB at a site speciﬁed by a target sequence of about 20 nucleotides
integrated into the gRNA [133,134]. The target site must be in
the proximity of a three nucleotide protospacer adjacent motif.
Targeting a speciﬁc site thus only requires modifying about 20
nucleotides in the gRNA. To edit the genome at the location of the
DSB, a DNA template is provided for DNA repair. Similarly to TAL-
ENs and ZFNs, this system allows effective editing of practically
any sequence in the genome. However, in contrast to these alter-
native nuclease-based approaches, CRISPR/Cas9 does not require
laborious and costly protein engineering for each target sequence.
Speciﬁcity of CRISPR/Cas9 genome editing is high [135], and can be
further improved using Cas9 nickase [136,134,137]. Indeed, speci-
ﬁcity and cleavage success can be higher than with alternative
genome editing techniques [138].
In the last three years, the CRISPR/Cas9 system has been shown
to be effective in a wide range of crop species, including maize,
orange, potato, rice, sorghum, tobacco, tomato and wheat [11]. In
rice and tomato, CRISPR/Cas9 can introduce homozygous muta-
tions in the ﬁrst generation of transformants [135,139], potentially
accelerating crop improvement. Because the transgenes in trans-
formants are hemizygous while the genome editing is biallelic,
controlled crosses of transformants can produce progeny without
transgenes. This diminishes the potentially negative consequences
of transgenes in crops and may  help avoid the rigorous regulations
often imposed on genetically engineered cultivars.
Most breeding approaches use natural genetic diversity
or mutation panels, and introduce favourable loci into elite
germplasm with time-consuming back-crossing programs.
CRISPR/Cas9, on the other hand, can directly introduce naturally
occurring or novel mutations into elite germplasm [11] (Fig. 1).
This can greatly accelerate plant breeding programs. For instance,
the pod-shattering resistance of the commercial canola ‘PodGuard’
cultivar is owed to a single nucleotide mutation. The cultivar was
selected from a mutation panel of multiple mutated genotypes,
which were grown and screened for pod-shattering resistance
[105]. Turnaround time for similar breeding programs could be
substantially decreased by using CRISPR/Cas9 to edit the target
locus, producing the desired genotype without mutation panels.
Although there are currently no commercially available crops
modiﬁed using genome editing techniques such as CRISPR/Cas9, the
method has been used to improve climate-related agronomic traits
such as pathogen resistance in crops. CRISPR/Cas9 has been used
to enhance blast resistance in rice by targeting the OsERF922 gene
[140]. The genome editing system was also used to confer powdery
mildew resistance in wheat by causing loss of function in the sus-
ceptibility gene TaMLO [128]. In cucumber, broad virus resistance
was engineered by disrupting the function of the eIF4E gene [141].
Finally, CRISPR/Cas9 mediated disruption of the SlDMR6-1 gene in
tomato conferred broad-spectrum disease resistance [142]. These
studies highlight the potential of genome editing for improve-
ment of other crop traits. This year, DuPont Pioneer announced
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hat they would release the ﬁrst commercial crop edited using
RISPR/Cas9, a high amylopectin maize cultivar [143]. We  expect
he rapid advances in genome editing technologies to lead to fur-
her commercial releases of improved, climate ready crops in the
ext 10 years.
.5. Challenges in translating genomic knowledge for applied
rop breeding
The use of hybrid seeds and genetically modiﬁed (GM) seeds
as enabled seed companies to capture value in seed production as
armers are unable to replant the grown seed and need to purchase
ew seed each year. While this is often seen to be controversial
y the general public, it is rarely noted that this practice does not
revent the farmers from growing traditional varieties and has led
o major improvement in crop germplasm. For example, during
he past seven decades, the maize yield in the United States has
reatly increased, with over half of the increase in yield attributed
o genetic gains achieved using various methods including hybrid
nd GM seeds [144]. In Iowa, genetic gain contributed to 79% of the
ncreased maize yield achieved between 1930 and 2011 [145]. In
ontrast, in crop species such as wheat where sowing farm-saved
eed is still common practise and hybrid and GM seeds are not in
idespread use, increases in genetic gain have been much lower.
or instance, from 1961 to 1990, the global average wheat yields
ncreased by 2.95% per year. However, in the following 22 years,
he rate of increase per year was only approximately 1% [146].
Although genomics can accelerate the production of climate
dapted crops, the process remains expensive and without some
echanism for crop breeding to see a return on investment the
dvances in crop performance will not keep up with the require-
ents for food. The increased adoption of GM or hybrids which
equire farmers to purchase new seed each year, or end point roy-
lty schemes where the breeders are paid when the crop is sold, will
nable breeders to conﬁdently invest in the production of improved
arieties and accelerate climate adaptation of crop species.
. Perspectives
Advances in genomic technologies are providing important
ools for genomics-assisted breeding to adapt crops to a chang-
ng climate. Integration of these tools from sequencing to
enome assembly, genotyping, marker discovery and genome
diting, together with improved bioinformatics methods and high-
hroughput phenotyping, supported by sustainable funding models
ill allow molecular breeding of climate ready crops.
cknowledgements
Armin Scheben was supported by an IPRS awarded by the Aus-
ralian government. Yuxuan Yuan was supported by a SIRF funded
y the China Scholarship Council and the University of Western
ustralia. We thank Felix Wolter for discussions on CRISPR/Cas. We
lso thank two anonymous reviewers for helpful comments on the
anuscript.
eferences
[1] M. Abberton, J. Batley, A. Bentley, et al., Global agricultural intensiﬁcation
during climate change: a role for genomics, Plant Biotech. J. 14 (4) (2016)
1095–1098, http://dx.doi.org/10.1111/pbi.12467.
[2]  H. Li, Z. Peng, X. Yang, et al., Genome-wide association study dissects the
genetic architecture of oil biosynthesis in maize kernels, Nat. Genet. 45 (1)
(2013) 43–50, http://dx.doi.org/10.1038/ng.2484.
[3] C. Rosenzweig, A. Iglesias, X.B. Yang, et al., Climate change and extreme
weather events: implications for food production, plant diseases, and pests,
Global Change Hum. Health 2 (2001) 90–104, http://dx.doi.org/10.1023/
a:1015086831467.t Biology 6 (2016) 2–10 7
[4] J. Batley, D. Edwards, The application of genomics and bioinformatics to
accelerate crop improvement in a changing climate, Curr. Opin. Plant Biol.
30  (2016) 78–81, http://dx.doi.org/10.1016/j.pbi.2016.02.002.
[5]  D. Edwards, The impact of genomics technology on adapting plants to
climate change, in: D. Edwards, J. Batley (Eds.), Plant Genomics and Climate
Change, Springer, 2016, pp. 173–178, http://dx.doi.org/10.1007/978-1-
4939-3536-9 8.
[6] X. Huang, B. Han, Natural variations and genome-wide association studies in
crop  plants, Annu. Rev. Plant Biol. 65 (2014) 531–551, http://dx.doi.org/10.
1146/annurev-arplant-050213-035715.
[7]  M.  Brozynska, A. Furtado, R.J. Henry, Genomics of crop wild relatives:
expanding the gene pool for crop improvement, Plant Biotech. J. 14 (4)
(2016) 1070–1085, http://dx.doi.org/10.1111/pbi.12454.
[8] P.L. Morrell, E.S. Buckler, J. Ross-Ibarra, Crop genomics: advances and
applications, Nat. Rev. Genet. 13 (2) (2012) 85–96, http://dx.doi.org/10.
1038/nrg3097.
[9] T.J. Treangen, S.L. Salzberg, Repetitive DNA and next-generation sequencing:
computational challenges and solutions, Nat. Rev. Genet. 13 (1) (2012)
36–46, http://dx.doi.org/10.1038/nrg3117.
[10] A.A. Golicz, J. Batley, D. Edwards, Towards plant pangenomics, Plant Biotech.
J.  14 (4) (2016) 1099–1105, http://dx.doi.org/10.1111/pbi.12499.
[11] L. Bortesi, R. Fischer, The CRISPR/Cas9 system for plant genome editing and
beyond, Biotechnol. Adv. 33 (1) (2015) 41–52, http://dx.doi.org/10.1016/j.
biotechadv.2014.12.006.
[12] M.  Imelfort, D. Edwards, De novo sequencing of plant genomes using
second-generation technologies, Brief. Bioinform. 10 (6) (2009) 609–618,
http://dx.doi.org/10.1093/bib/bbp039.
[13] M.L. Metzker, Emerging technologies in DNA sequencing, Genome Res. 15
(12) (2005) 1767–1776, http://dx.doi.org/10.1101/gr.3770505.
[14] S. Goodwin, J.D. McPherson, W.R. McCombie, Coming of age: ten years of
next-generation sequencing technologies, Nat. Rev. Genet. 17 (6) (2016)
333–351, http://dx.doi.org/10.1038/nrg.2016.49.
[15] J.F. Denton, J. Lugo-Martinez, A.E. Tucker, et al., Extensive error in the
number of genes inferred from draft genome assemblies, PLoS Comput. Biol.
10 (12) (2014), http://dx.doi.org/10.1371/journal.pcbi.1003998.
[16] E.E. Schadt, S. Turner, A. Kasarskis, A window into third-generation
sequencing, Hum. Mol. Genet. 19 (R2 (2010) R227–240, http://dx.doi.org/10.
1093/hmg/ddq416.
[17] H. Lee, J. Gurtowski, S. Yoo, et al., Error correction and assembly complexity
of  single molecule sequencing reads, BioRxiv (2014) 006395.
[18] A. Rhoads, K.F. Au, PacBio sequencing and its applications, Genomics
Proteomics Bioinformatics 13 (5) (2015) 278–289, http://dx.doi.org/10.
1016/j.gpb.2015.08.002.
[19] K. Berlin, S. Koren, C.S. Chin, et al., Assembling large genomes with
single-molecule sequencing and locality-sensitive hashing, Nat. Biotechnol.
33  (6) (2015) 623–630, http://dx.doi.org/10.1038/nbt.3238.
[20] M.O. Carneiro, C. Russ, M.G. Ross, et al., Paciﬁc biosciences sequencing
technology for genotyping and variation discovery in human data, BMC
Genomics 13 (2012) 375, http://dx.doi.org/10.1186/1471-2164-13-375.
[21] L.J. Tallon, X.Y. Liu, S. Bennuru, et al., Single molecule sequencing and
genome assembly of a clinical specimen of Loa loa, the causative agent of
loiasis, BMC  Genomics 15 (2014), http://dx.doi.org/10.1186/1471-2164-15-
788.
[22] S. Koren, M.C. Schatz, B.P. Walenz, et al., Hybrid error correction and de novo
assembly of single-molecule sequencing reads, Nat. Biotechnol. 30 (7)
(2012) 693–700, http://dx.doi.org/10.1038/nbt.2280.
[23] C.S. Chin, D.H. Alexander, P. Marks, et al., Nonhybrid, ﬁnished microbial
genome assemblies from long-read SMRT sequencing data, Nat. Methods 10
(6)  (2013) 563–569, http://dx.doi.org/10.1038/nmeth.2474.
[24] C.L. Ip, M.  Loose, J.R. Tyson, et al., MinION Analysis and Reference
Consortium: Phase 1 Data Release and Analysis F1000Res 4 :1075, 2015,
http://dx.doi.org/10.12688/f1000research.7201.1.
[25] J.M. Urban, J. Bliss, C.E. Lawrence, et al., Sequencing ultra-long DNA
molecules with the oxford nanopore MinION, bioRxiv (2015), http://dx.doi.
org/10.1101/019281.
[26] S. Goodwin, J. Gurtowski, S. Ethe-Sayers, et al., Oxford nanopore sequencing,
hybrid error correction, and de novo assembly of a eukaryotic genome,
Genome Res. 25 (11) (2015) 1750–1756, http://dx.doi.org/10.1101/gr.
191395.115.
[27] N.J. Loman, J. Quick, J.T. Simpson, A complete bacterial genome assembled
de  novo using only nanopore sequencing data, Nat. Methods 12 (8) (2015)
733–735, http://dx.doi.org/10.1038/nmeth.3444.
[28] T. Szalay, J.A. Golovchenko, De novo sequencing and variant calling with
nanopores using PoreSeq, Nat. Biotechnol. 33 (10) (2015) 1087–1091,
http://dx.doi.org/10.1038/nbt.3360.
[29] M.  Jain, I.T. Fiddes, K.H. Miga, et al., Improved data analysis for the MinION
nanopore sequencer, Nat. Methods 12 (4) (2015) 351–356, http://dx.doi.org/
10.1038/nmeth.3290.
[30] S. Koren, A.M. Phillippy, One chromosome, one contig: complete microbial
genomes from long-read sequencing and assembly, Curr. Opin. Microbiol. 23
(2015) 110–120, http://dx.doi.org/10.1016/j.mib.2014.11.014.[31] R. Li, C.L. Hsieh, A. Young, et al., Illumina synthetic long read sequencing
allows recovery of missing sequences even in the ﬁnished C. elegans
genome, Sci. Rep. 5 (2015) 10814, http://dx.doi.org/10.1038/srep10814.
[32] R.C. McCoy, R.W. Taylor, T.A. Blauwkamp, et al., Illumina TruSeq synthetic
long-reads empower de novo assembly and resolve complex,
8 t Plan A. Scheben et al. / Curren
highly-repetitive transposable elements, PLoS One 9 (9) (2014) e106689,
http://dx.doi.org/10.1371/journal.pone.0106689.
[33] M.  Eisenstein, Startups use short-read data to expand long-read sequencing
market, Nat. Biotechnol. 33 (5) (2015) 433–435, http://dx.doi.org/10.1038/
nbt0515-433.
[34] G.X.Y. Zheng, B.T. Lau, M.  Schnall-Levin, et al., Haplotyping germline and
cancer genomes with high-throughput linked-read sequencing, Nat.
Biotechnol. 34 (3) (2016) 303–311, http://dx.doi.org/10.1038/nbt.3432.
[35] D.C. Schwartz, X. Li, L.I. Hernandez, et al., Ordered restriction maps of
Saccharomyces cerevisiae chromosomes constructed by optical mapping,
Science 262 (5130) (1993) 110–114, http://dx.doi.org/10.1126/science.
8211116.
[36] J.M. Shelton, M.C. Coleman, N. Herndon, et al., Tools and pipelines for
BioNano data: molecule assembly pipeline and FASTA super scaffolding tool,
BMC  Genomics 16 (1) (2015) 734, http://dx.doi.org/10.1186/s12864-015-
1911-8.
[37] H. Cao, A.R. Hastie, D. Cao, et al., Rapid detection of structural variation in a
human genome using nanochannel-based genome mapping technology,
Gigascience 3 (1) (2014) 34, http://dx.doi.org/10.1186/2047-217X-3-34.
[38]  A.R. Hastie, L. Dong, A. Smith, et al., Rapid genome mapping in nanochannel
arrays for highly complete and accurate de novo sequence assembly of the
complex Aegilops tauschii genome, PLoS One 8 (2) (2013) e55864, http://dx.
doi.org/10.1371/journal.pone.0055864.
[39] H. Tang, E. Lyons, C.D. Town, Optical mapping in plant comparative
genomics, Gigascience 4 (3) (2015), http://dx.doi.org/10.1186/s13742-015-
0044-y.
[40] S. Chamala, A.S. Chanderbali, J.P. Der, et al., Assembly and validation of the
genome of the nonmodel basal angiosperm Amborella,  Science 342 (6165)
(2013) 1516–1517, http://dx.doi.org/10.1126/science.1241130.
[41] H. Tang, V. Krishnakumar, S. Bidwell, et al., An improved genome release
(version Mt4.0) for the model legume Medicago truncatula,  BMC Genomics
15  (2014) 312, http://dx.doi.org/10.1186/1471-2164-15-312.
[42] Q. Zhang, W.  Chen, L. Sun, et al., The genome of Prunus mume,  Nat. Commun.
3  (2012) 1318, http://dx.doi.org/10.1038/ncomms2290.
[43] S. Zhou, F. Wei, J. Nguyen, et al., A single molecule scaffold for the maize
genome, PLoS Genet. 5 (11) (2009) e1000711, http://dx.doi.org/10.1371/
journal.pgen.1000711.
[44] S. Zhou, M.C. Bechner, M.  Place, et al., Validation of rice genome sequence by
optical mapping, BMC  Genomics 8 (2007) 278, http://dx.doi.org/10.1186/
1471-2164-8-278.
[45] L.A. Shearer, L.K. Anderson, H. de Jong, et al., Fluorescence in situ
hybridization and optical mapping to correct scaffold arrangement in the
tomato genome, G3 (Bethesda) 4 (8) (2014) 1395–1405, http://dx.doi.org/
10.1534/g3.114.011197.
[46] H. Stankova, A.R. Hastie, S. Chan, et al., BioNano genome mapping of
individual chromosomes supports physical mapping and sequence
assembly in complex plant genomes, Plant Biotech. J. 14 (7) (2016)
1523–1531, http://dx.doi.org/10.1111/pbi.12513.
[47] S. Deschamps, V. Llaca, G.D. May, Genotyping-by-sequencing in plants,
Biology 1 (3) (2012) 460–483, http://dx.doi.org/10.3390/biology1030460.
[48] J. He, X. Zhao, A. Laroche, et al., Genotyping-by-sequencing (GBS), an
ultimate marker-assisted selection (MAS) tool to accelerate plant breeding,
Front. Plant Sci. 5 (484) (2014), http://dx.doi.org/10.3389/fpls.2014.00484.
[49] C. Heffelﬁnger, C.A. Fragoso, M.A. Moreno, et al., Flexible and scalable
genotyping-by-sequencing strategies for population studies, BMC Genomics
15 (1) (2014), http://dx.doi.org/10.1186/1471-2164-15-979, 979–979.
[50] J.A. Poland, T.W. Rife, Genotyping-by-sequencing for plant breeding and
genetics, Plant Genome 5 (3) (2012) 92–102, http://dx.doi.org/10.3835/
plantgenome2012.05.0005.
[51] J.W. Davey, P.A. Hohenlohe, P.D. Etter, et al., Genome-wide genetic marker
discovery and genotyping using next-generation sequencing, Nat. Rev.
Genet. 12 (7) (2011) 499–510, http://dx.doi.org/10.1038/nrg3012.
[52] P.E. Bayer, P. Ruperao, A.S. Mason, et al., High-resolution skim genotyping by
sequencing reveals the distribution of crossovers and gene conversions in
Cicer arietinum and Brassica napus,  Theor. Appl. Genet. 128 (6) (2015)
1039–1047, http://dx.doi.org/10.1007/s00122-015-2488-y.
[53] X. Huang, Q. Feng, Q. Qian, et al., High-throughput genotyping by
whole-genome resequencing, Genome Res. 19 (6) (2009) 1068–1076, http://
dx.doi.org/10.1101/gr.089516.108.
[54] A.A. Golicz, P.E. Bayer, D. Edwards, Skim-based genotyping by sequencing,
Methods Mol. Biol. 1245 (2015) 257–270, http://dx.doi.org/10.1007/978-1-
4939-1966-6 19.
[55] K.R. Andrews, J.M. Good, M.R. Miller, et al., Harnessing the power of RADseq
for ecological and evolutionary genomics, Nat. Rev. Genet. 17 (2) (2016)
81–92, http://dx.doi.org/10.1038/nrg.2015.28.
[56] J.A. Poland, P.J. Brown, M.E. Sorrells, et al., Development of high-density
genetic maps for barley and wheat using a novel two-enzyme
genotyping-by-sequencing approach, PLoS One 7 (2) (2012) e32253, http://
dx.doi.org/10.1371/journal.pone.0032253.
[57] L.X. Fu, C.C. Cai, Y.N. Cui, et al., Pooled mapping: an efﬁcient method of
calling variations for population samples with low-depth resequencing
data, Mol. Breed. 36 (4) (2016), http://dx.doi.org/10.1007/s11032-016-
0476-9, 48–48.
[58] T. LaFramboise, Single nucleotide polymorphism arrays: a decade of
biological, computational and technological advances, Nucleic Acids Res. 37
(13)  (2009) 4181–4193, http://dx.doi.org/10.1093/nar/gkp552.t Biology 6 (2016) 2–10
[59] P.K. Gupta, S. Rustgi, R.R. Mir, Array-based high-throughput DNA markers
for crop improvement, Heredity (Edinb) 101 (1) (2008) 5–18, http://dx.doi.
org/10.1038/hdy.2008.35.
[60] M.W.  Ganal, A. Polley, E.M. Graner, et al., Large SNP arrays for genotyping in
crop plants, J. Biosci. 37 (5) (2012) 821–828, http://dx.doi.org/10.1007/
s12038-012-9225-3.
[61] A. Coombs, The sequencing shakeup, Nat. Biotechnol. 26 (10) (2008)
1109–1112, http://dx.doi.org/10.1038/nbt1008-1109.
[62] R.J. Snowdon, F.L.I. Luy, Potential to improve oilseed rape and canola
breeding in the genomics era, Plant Breed 131 (3) (2012) 351–360, http://dx.
doi.org/10.1111/j.1439-0523.2012.01976.x.
[63] D. Edwards, J. Batley, R.J. Snowdon, Accessing complex crop genomes with
next-generation sequencing, Theor. Appl. Genet. 126 (1) (2013) 1–11, http://
dx.doi.org/10.1007/s00122-012-1964-x.
[64] H. Chen, W.  Xie, H. He, et al., A high-density SNP genotyping array for rice
biology and molecular breeding, Mol. Plant 7 (3) (2014) 541–553, http://dx.
doi.org/10.1093/mp/sst135.
[65] M.W.  Ganal, G. Durstewitz, A. Polley, et al., A large maize (Zea mays L.) SNP
genotyping array: development and germplasm genotyping, and genetic
mapping to compare with the B73 reference genome, PLoS One 6 (12)
(2011) e28334, http://dx.doi.org/10.1371/journal.pone.0028334.
[66]  K. Zhao, C.W. Tung, G.C. Eizenga, et al., Genome-wide association mapping
reveals a rich genetic architecture of complex traits in Oryza sativa, Nat.
Commun. 2 (2011) 467, http://dx.doi.org/10.1038/ncomms1467.
[67] H. Yu, W.  Xie, J. Li, et al., A whole-genome SNP array (RICE6K) for genomic
breeding in rice, Plant Biotech. J. 12 (1) (2014) 28–37, http://dx.doi.org/10.
1111/pbi.12113.
[68] M.O. Winﬁeld, A.M. Allen, A.J. Burridge, et al., High-density SNP genotyping
array for hexaploid wheat and its secondary and tertiary gene pool, Plant
Biotech. J. 14 (5) (2015) 1195–1206, http://dx.doi.org/10.1111/pbi.12485.
[69] S. Wang, D. Wong, K. Forrest, et al., Characterization of polyploid wheat
genomic diversity using a high-density 90,000 single nucleotide
polymorphism array, Plant Biotech. J. 12 (6) (2014) 787–796, http://dx.doi.
org/10.1111/pbi.12183.
[70] L. Feuk, C.R. Marshall, R.F. Wintle, et al., Structural variants: changing the
landscape of chromosomes and design of disease studies, Hum. Mol. Genet.
15 (2006) R57–R66, http://dx.doi.org/10.1093/hmg/ddl057.
[71] L. Feuk, A.R. Carson, S.W. Scherer, Structural variation in the human genome,
Nat. Rev. Genet. 7 (2) (2006) 85–97, http://dx.doi.org/10.1038/nrg1767.
[72] J. Sebat, B. Lakshmi, J. Troge, et al., Large-scale copy number polymorphism
in the human genome, Science 305 (5683) (2004) 525–528, http://dx.doi.
org/10.1126/science.1098918.
[73] R.K. Saxena, D. Edwards, R.K. Varshney, Structural variations in plant
genomes, Brief Funct. Genomics 13 (4) (2014) 296–307, http://dx.doi.org/10.
1093/bfgp/elu016.
[74] M.C. Schatz, L.G. Maron, J.C. Stein, et al., Whole genome de novo assemblies
of  three divergent strains of rice, Oryza sativa,  document novel gene space of
aus  and indica,  Genome Biol. 15 (11) (2014), http://dx.doi.org/10.1186/
s13059-014-0506-z.
[75] H. Tettelin, V. Masignani, M.J. Cieslewicz, et al., Genome analysis of multiple
pathogenic isolates of Streptococcus agalactiae: implications for the
microbial pan-genome, Proc. Natl. Acad. Sci. U. S. A. 102 (39) (2005)
13950–13955, http://dx.doi.org/10.1073/pnas.0506758102.
[76] K. Lin, N. Zhang, E.I. Severing, et al., Beyond genomic variation – comparison
and functional annotation of three Brassica rapa genomes: a turnip, a rapid
cycling and a Chinese cabbage, BMC Genomics 15 (2014) 250, http://dx.doi.
org/10.1186/1471-2164-15-250.
[77] C.N. Hirsch, J.M. Foerster, J.M. Johnson, et al., Insights into the maize
pan-genome and pan-transcriptome, Plant Cell 26 (1) (2014) 121–135,
http://dx.doi.org/10.1105/tpc.113.119982.
[78] Y.H. Li, G.Y. Zhou, J.X. Ma,  et al., De novo assembly of soybean wild relatives
for pan-genome analysis of diversity and agronomic traits, Nat. Biotechnol.
32 (10) (2014), http://dx.doi.org/10.1038/nbt.2979, 1045-+.
[79] V.M. Gonzalez, N. Aventin, E. Centeno, et al., High presence/absence gene
variability in defense-related gene clusters of Cucumis melo, BMC Genomics
14  (2013) 782, http://dx.doi.org/10.1186/1471-2164-14-782.
[80] L.K. McHale, W.J. Haun, W.W.  Xu, et al., Structural variants in the soybean
genome localize to clusters of biotic stress-response genes, Plant Physiol.
159 (4) (2012) 1295–1308, http://dx.doi.org/10.1104/pp.112.194605.
[81] J. Batley, D. Edwards, Genome sequence data: management, storage, and
visualization, Biotechniques 46 (5) (2009) 333–334, http://dx.doi.org/10.
2144/000113134.
[82] H.C. Lee, K.T. Lai, M.T. Lorenc, et al., Bioinformatics tools and databases for
analysis of next-generation sequence data, Brief Funct. Genomics 11 (1)
(2012) 12–24, http://dx.doi.org/10.1093/bfgp/elr037.
[83] D.A. Benson, I. Karsch-Mizrachi, K. Clark, et al., GenBank, Nucleic Acids Res.
40  (D1) (2012) D48–D53, http://dx.doi.org/10.1093/nar/gkr1202.
[84] Y. Tateno, T. Imanishi, S. Miyazaki, et al., DNA Data Bank of Japan (DDBJ) for
genome scale research in life science, Nucleic Acids Res. 30 (1) (2002)
27–30, http://dx.doi.org/10.1093/nar/30.1.27.
[85] C. Kanz, P. Aldebert, N. Althorpe, et al., The EMBL nucleotide sequence
database, Nucleic Acids Res. 33 (2005) D29–D33, http://dx.doi.org/10.1093/
nar/gki098.
[86] K. Lai, M.T. Lorenc, D. Edwards, Genomic databases for crop improvement,
Agronomy 2 (4) (2012) 62–73, http://dx.doi.org/10.3390/
agronomy2010062.
t Plan
[
[
[
[
[
[
[
[
[
[
[A. Scheben et al. / Curren
[87] J.N. Cobb, G. DeClerck, A. Greenberg, et al., Next-generation phenotyping:
requirements and strategies for enhancing our understanding of
genotype-phenotype relationships and its relevance to crop improvement,
Theor. Appl. Genet. 126 (4) (2013) 867–887, http://dx.doi.org/10.1007/
s00122-013-2066-0.
[88] R.T. Furbank, M.  Tester, Phenomics − technologies to relieve the
phenotyping bottleneck, Trends Plant Sci. 16 (12) (2011) 635–644, http://dx.
doi.org/10.1016/j.tplants.2011.09.005.
[89] C. Kole, M.  Muthamilarasan, R. Henry, et al., Application of
genomics-assisted breeding for generation of climate resilient crops:
progress and prospects, Front. Plant Sci. 6 (2015), http://dx.doi.org/10.3389/
fpls.2015.00563.
[90] Y. Sakuma, K. Maruyama, F. Qin, et al., Dual function of an Arabidopsis
transcription factor DREB2A in water-stress-responsive and
heat-stress-responsive gene expression, Proc. Natl. Acad. Sci. U. S. A. 103
(49) (2006) 18822–18827, http://dx.doi.org/10.1073/pnas.0605639103.
[91] S. Mahajan, N. Tuteja, Cold, salinity and drought stresses: an overview, Arch.
Biochem. Biophys. 444 (2) (2005) 139–158, http://dx.doi.org/10.1016/j.abb.
2005.10.018.
[92] J. Skinner, P. Szucs, J. von Zitzewitz, et al., Mapping of barley homologs to
genes that regulate low temperature tolerance in Arabidopsis, Theor. Appl.
Genet. 112 (5) (2006) 832–842, http://dx.doi.org/10.1007/s00122-005-
0185-y.
[93] R. Paliwal, M.S. Roder, U. Kumar, et al., QTL mapping of terminal heat
tolerance in hexaploid wheat (T. aestivum L.), Theor. Appl. Genet. 125 (3)
(2012) 561–575, http://dx.doi.org/10.1007/s00122-012-1853-3.
[94]  V. Alm, C.S. Busso, A. Ergon, et al., QTL analyses and comparative genetic
mapping of frost tolerance, winter survival and drought tolerance in
meadow fescue (Festuca pratensis Huds.), Theor. Appl. Genet. 123 (3) (2011)
369–382, http://dx.doi.org/10.1007/s00122-011-1590-z.
[95] S.M. Kale, D. Jaganathan, P. Ruperao, et al., Prioritization of candidate genes
in  QTL-hotspot region for drought tolerance in chickpea (Cicer arietinum L.),
Sci. Rep. 5 (5) (2015) 15296, http://dx.doi.org/10.1038/srep15296.
[96] R. Tollenaere, A. Hayward, J. Dalton-Morgan, et al., Identiﬁcation and
characterization of candidate Rlm4 blackleg resistance genes in Brassica
napus using next-generation sequencing, Plant Biotech. J. 10 (6) (2012)
709–715, http://dx.doi.org/10.1111/j.1467-7652.2012.00716.x.
[97] I.Y. Rabbi, M.T. Hamblin, P.L. Kumar, et al., High-resolution mapping of
resistance to cassava mosaic geminiviruses in cassava using
genotyping-by-sequencing and its implications for breeding, Virus Res. 186
(2014) 87–96, http://dx.doi.org/10.1016/j.virusres.2013.12.028.
[98] E.Y. Hwang, Q. Song, G. Jia, et al., A genome-wide association study of seed
protein and oil content in soybean, BMC  Genomics 15 (1) (2014) 1, http://dx.
doi.org/10.1186/1471-2164-15-1.
[99] M.P. Arruda, P. Brown, G. Brown-Guedira, et al., Genome-wide association
mapping of fusarium head blight resistance in wheat using
genotyping-by-sequencing, Plant Genome 9 (1) (2016), http://dx.doi.org/10.
3835/plantgenome2015.04.0028.
100] S. Clarke, Is genotyping by sequencing a viable alternative to existing
methods for genomic selection and GWAS? in: Paper Presented at the Plant
and Animal Genome XXIV Conference, San Diego, 2016, pp. 9–13.
101] M. Cooper, C. Gho, R. Leafgren, et al., Breeding drought-tolerant maize
hybrids for the US corn-belt: discovery to product J. Exp. Bot. 65 (21) (2014)
6191–6204, http://dx.doi.org/10.1093/jxb/eru064.
102] E.M. Septiningsih, A.M. Pamplona, D.L. Sanchez, et al., Development of
submergence-tolerant rice cultivars: the Sub1 locus and beyond, Ann. Bot.
103  (2) (2009) 151–160, http://dx.doi.org/10.1093/aob/mcn206.
103] J. Bailey-Serres, T. Fukao, P. Ronald, et al., Submergence tolerant rice: SUB1’s
journey from landrace to modern cultivar, Rice 3 (2–3) (2010) 138–147,
http://dx.doi.org/10.1007/s12284-010-9048-5.
104] A.M. Ismail, U.S. Singh, S. Singh, et al., The contribution of
submergence-tolerant (Sub1) rice varieties to food security in ﬂood-prone
rainfed lowland areas in Asia, Field Crops Res. 152 (2013) 83–93, http://dx.
doi.org/10.1016/j.fcr.2013.01.007.
105] B. Lambert, P. Denolf, S. Engelen, et al., Omics-directed reverse genetics
enables the creation of new productivity traits for the vegetable oil crop
canola, Procedia Environ. Sci. 29 (2015) 77–78, http://dx.doi.org/10.1016/j.
proenv.2015.07.167.
106] S.R. Eathington, T.M. Crosbie, M.D. Edwards, et al., Molecular markers in a
commercial breeding program, Crop Sci. 47 (2007) S154–S163, http://dx.doi.
org/10.2135/cropsci2007.04.0015ipbs.
107] P. Hanson, S.F. Lu, J.F. Wang, et al., Conventional and molecular
marker-assisted selection and pyramiding of genes for multiple disease
resistance in tomato, Sci. Hort. 201 (2016) 346–354, http://dx.doi.org/10.
1016/j.scienta.2016.02.020.
108] T.H.E. Meuwissen, B.J. Hayes, M.E. Goddard, Prediction of total genetic value
using genome-wide dense marker maps, Genetics 157 (4) (2001)
1819–1829.
109] Z. Lin, N.O.I. Cogan, L.W. Pembleton, et al., Genetic gain and inbreeding from
genomic selection in a simulated commercial breeding program for
perennial ryegrass, Plant Genome 9 (1) (2016), http://dx.doi.org/10.3835/
plantgenome2015.06.0046.
110] D. Cros, M. Denis, L. Sánchez, et al., Genomic selection prediction accuracy in
a  perennial crop: case study of oil palm (Elaeis guineensis Jacq.), Theor. Appl.
Genet. 128 (3) (2015) 397–410, http://dx.doi.org/10.1007/s00122-014-
2439-z.t Biology 6 (2016) 2–10 9
[111] E.J. de Oliveira, M.D.V. de Resende, V.D. Santos, et al., Genome-wide
selection in cassava, Euphytica 187 (2) (2012) 263–276, http://dx.doi.org/10.
1007/s10681-012-0722-0.
[112] A. Jarvis, J. Ramirez-Villegas, B.V.H. Campo, et al., Is cassava the answer to
African climate change adaptation? Trop. Plant Biol. 5 (1) (2012) 9–29,
http://dx.doi.org/10.1007/s12042-012-9096-7.
[113] J. Poland, J. Endelman, J. Dawson, et al., Genomic selection in wheat breeding
using genotyping-by-sequencing, Plant Genome 5 (3) (2012) 103–113,
http://dx.doi.org/10.3835/plantgenome2012.06.0006.
[114] J.E. Rutkoski, J.A. Poland, R.P. Singh, et al., Genomic selection for quantitative
adult plant stem rust resistance in wheat, Plant Genome 7 (3) (2014), http://
dx.doi.org/10.3835/plantgenome2014.02.0006.
[115] J. Crossa, Y. Beyene, S. Kassa, et al., Genomic prediction in maize breeding
populations with genotyping-by-sequencing, G3 (Bethesda) 3 (11) (2013)
1903–1926, http://dx.doi.org/10.1534/g3.113.008227.
[116] G. Gorjanc, J. Jenko, S.J. Hearne, et al., Initiating maize pre-breeding
programs using genomic selection to harness polygenic variation from
landrace populations, BMC  Genomics 17 (30) (2016), http://dx.doi.org/10.
1186/s12864-015-2345-z.
[117] A. Kamthan, A. Chaudhuri, M.  Kamthan, et al., Genetically modiﬁed (GM)
crops: milestones and new advances in crop improvement, Theor. Appl.
Genet. 129 (9) (2016) 1639–1655, http://dx.doi.org/10.1007/s00122-016-
2747-6.
[118] T. Gaj, C.A. Gersbach, C.F. Barbas, ZFN, TALEN, and CRISPR/Cas-based
methods for genome engineering, Trends Biotechnol. 31 (7) (2013)
397–405, http://dx.doi.org/10.1016/j.tibtech.2013.04.004.
[119] J. Lin, K. Musunuru, Genome engineering tools for building cellular models
of  disease, FEBS J. (2016), http://dx.doi.org/10.1111/febs.13763 (in press.
[120] J.S. Xiong, J. Ding, Y. Li, Genome-editing technologies and their potential
application in horticultural crop breeding, Hortic. Res. 2 (2015) 15019,
http://dx.doi.org/10.1038/hortres.2015.19.
[121] S.J. Curtin, F. Zhang, J.D. Sander, et al., Targeted mutagenesis of duplicated
genes in soybean with zinc-Finger nucleases, Plant Physiol. 156 (2) (2011)
466–473, http://dx.doi.org/10.1104/pp.111.172981.
[122] J.A. Townsend, D.A. Wright, R.J. Winfrey, et al., High-frequency modiﬁcation
of  plant genes using engineered zinc-ﬁnger nucleases, Nature 459 (7245)
(2009), http://dx.doi.org/10.1038/nature07845,  442-U161.
[123] V.K. Shukla, Y. Doyon, J.C. Miller, et al., Precise genome modiﬁcation in the
crop species Zea mays using zinc-ﬁnger nucleases, Nature 459 (7245)
(2009), http://dx.doi.org/10.1038/nature07992,  437-U156.
[124] T. Cermak, E.L. Doyle, M.  Christian, et al., Efﬁcient design and assembly of
custom TALEN and other TAL effector-based constructs for DNA targeting,
Nucleic Acids Res. 39 (12) (2011) e82, http://dx.doi.org/10.1093/nar/gkr218.
[125] D. Reyon, S.Q. Tsai, C. Khayter, et al., FLASH assembly of TALENs for
high-throughput genome editing, Nat. Biotechnol. 30 (5) (2012), http://dx.
doi.org/10.1038/nbt.2170, 460-+.
[126] T. Li, B. Liu, M.H. Spalding, et al., High-efﬁciency TALEN-based gene editing
produces disease-resistant rice, Nat. Biotechnol. 30 (5) (2012) 390–392,
http://dx.doi.org/10.1038/nbt.2199.
[127] Y. Zhang, F. Zhang, X.H. Li, et al., Transcription activator-like effector
nucleases enable efﬁcient plant genome engineering, Plant Physiol. 161 (1)
(2013) 20–27, http://dx.doi.org/10.1104/pp.112.205179.
[128] Y.P. Wang, X. Cheng, Q.W. Shan, et al., Simultaneous editing of three
homoeoalleles in hexaploid bread wheat confers heritable resistance to
powdery mildew, Nat. Biotechnol. 32 (9) (2014) 947–951, http://dx.doi.org/
10.1038/nbt.2969.
[129] S. Sawai, K. Ohyama, S. Yasumoto, et al., Sterol side chain reductase 2 is a
key  enzyme in the biosynthesis of cholesterol, the common precursor of
toxic steroidal glycoalkaloids in potato, Plant Cell 26 (9) (2014) 3763–3774,
http://dx.doi.org/10.1105/tpc.114.130096.
[130] E. Pennisi, The CRISPR craze, Science 341 (6148) (2013) 833–836.
[131] K. Belhaj, A. Chaparro-Garcia, S. Kamoun, et al., Editing plant genomes with
CRISPR/Cas9, Curr. Opin. Biotechnol. 32 (2015) 76–84, http://dx.doi.org/10.
1016/j.copbio.2014.11.007.
[132] L. Liu, X.D. Fan, CRISPR-Cas system: a powerful tool for genome engineering,
Plant Mol. Biol. 85 (3) (2014) 209–218, http://dx.doi.org/10.1007/s11103-
014-0188-7.
[133] M.  Jinek, K. Chylinski, I. Fonfara, et al., A programmable dual-RNA-guided
DNA endonuclease in adaptive bacterial immunity, Science 337 (6096)
(2012) 816–821, http://dx.doi.org/10.1126/science.1225829.
[134] G. Gasiunas, R. Barrangou, P. Horvath, et al., Cas9-crRNA ribonucleoprotein
complex mediates speciﬁc DNA cleavage for adaptive immunity in bacteria,
Proc. Natl. Acad. Sci. U. S. A. 109 (39) (2012) E2579–E2586, http://dx.doi.org/
10.1073/pnas.1208507109.
[135] C. Brooks, V. Nekrasov, Z.B. Lippman, et al., Efﬁcient gene editing in tomato
in  the ﬁrst generation using the clustered regularly interspaced short
palindromic repeats/CRISPR-Associated9 system, Plant Physiol. 166 (3)
(2014) 1292–1297, http://dx.doi.org/10.1104/pp.114.247577.
[136] B. Shen, W.S. Zhang, J. Zhang, et al., Efﬁcient genome modiﬁcation by
CRISPR-Cas9 nickase with minimal off-target effects, Nat. Meth. 11 (4)
(2014) 399–402, http://dx.doi.org/10.1038/Nmeth.2857.[137] F.A. Ran, P.D. Hsu, C.Y. Lin, et al., Double nicking by RNA-guided CRISPR cas9
for  enhanced genome editing speciﬁcity, Cell 154 (6) (2013) 1380–1389,
http://dx.doi.org/10.1016/j.cell.2013.08.021.
1 t Plan
Plants, Springer, 2015, pp. 55–88, http://dx.doi.org/10.1007/978-3-319-
25637-5 3.
[146] J.M. Beddow, P.G. Pardey, Y. Chai, et al., Research investment implications of
shifts in the global geography of wheat stripe rust, Nat. Plants 1 (10) (2015),0 A. Scheben et al. / Curren
[138] D.F. Voytas, Plant genome engineering with sequence-speciﬁc nucleases,
Annu. Rev. Plant Biol. 64 (2013) 327–350, http://dx.doi.org/10.1146/
annurev-arplant-042811-105552.
[139] H. Zhang, J. Zhang, P. Wei, et al., The CRISPR/Cas9 system produces speciﬁc
and homozygous targeted gene editing in rice in one generation, Plant
Biotech. J. 12 (6) (2014) 797–807, http://dx.doi.org/10.1111/pbi.12200.
[140] F.J. Wang, C.L. Wang, P.Q. Liu, et al., Enhanced rice blast resistance by
CRISPR/Cas9-targeted mutagenesis of the ERF transcription factor gene
OsERF922,  PLoS One 11 (4) (2016), http://dx.doi.org/10.1371/journal.pone.
0154027.
[141] J. Zhang, S. Ratanasirintrawoot, S. Chandrasekaran, et al., LIN28 regulates
stem cell metabolism and conversion to primed pluripotency, Cell Stem Cell
19  (1) (2016) 66–80, http://dx.doi.org/10.1016/j.stem.2016.05.009.
[142] D.P. de Toledo Thomazella, Q. Brail, D. Dahlbeck, CRISPR-Cas9 mediated
mutagenesis of a DMR6 ortholog in tomato confers broad-spectrum disease
resistance, bioRxiv (2016), in press.t Biology 6 (2016) 2–10
[143] E. Waltz, CRISPR-edited crops free to enter market, skip regulation, Nat.
Biotechnol. 34 (6) (2016) 582, http://dx.doi.org/10.1038/nbt0616-582.
[144] C. Mba, E.P. Guimaraes, K. Ghosh, Re-orienting crop improvement for the
changing climatic conditions of the 21st century, Agric. Food Secur. 1 (2012)
7,  http://dx.doi.org/10.1186/2048-7010-1-7.
[145] S. Smith, D. Bubeck, B. Nelson, et al., Genetic diversity and modern plant
breeding, in: M.R. Ahuja, S.M. Jain (Eds.), Genetic Diversity and Erosion inhttp://dx.doi.org/10.1038/nplants.2015.132.
